Application of a mild hydrodynamic shear stress to Dicytostelium discoideum cells, unable to detach cells passively from the substrate, triggers a cellular response consisting of steady membrane peeling at the rear edge of the cell and periodic cell contact extensions at its front edge. Both processes require an active actin cytoskeleton. The cell movement induced by the hydrodynamic forces is very similar to amoeboid cell motion during chemotaxis, as for its kinematic parameters and for the involvement of phosphatidylinositol(3,4,5)-trisphosphate internal gradient to maintain cell polarity. Inhibition of phosphoinositide 3-kinases by LY294002 randomizes the orientation of cell movement with respect to the flow without modifying cell speed. Two independent signaling pathways are, therefore, induced in D. discoideum in response to external forces. The first increases the frequency of pseudopodium extension, whereas the second redirects the actin cytoskeleton polymerization machinery to the edge opposite to the stressed side of the cell.
Introduction
In addition to specialized cell types such as hair cells, many eukaryotic cells exhibit force sensitivity, especially in the context of cell adhesion. For instance, fibroblasts adhere to the extracellular matrix through focal contact areas, whose number and surface increase with the mechanical tension applied to the cell (Choquet et al., 1997; Riveline et al., 2001) . The direction of actin stress fibers is then clearly in continuity with the disposition of the extracellular fibrillar material ). Epithelial cells form closed vessels through the apposition of membranes bearing homotypic adhesion proteins. The expression of genes involved in the stability of these structures is induced by the blood flow shear stress Nerem et al., 1998) . Keratinocyte fragments moves upon mechanical stimulation (Verkhovsky et al., 1999) . The mechanosensitivity seems to have evolved from mechanisms of cell osmotic protection, because stressactivated membrane channels exists in all organisms from bacteria to humans (Hamill and Martinac, 2001) .
In this work, we present another example of a cellular response to force: shear-flow-induced cell motility (SFICM) of Dictyostelium discoideum. This simple eukaryote is a genetically and biochemically tractable model organism that is used extensively to study cytoskeleton organization, chemotaxis, cell differentiation and development (Kay, 2002) . The lifestyle of D. discoideum consists of two phases. During the vegetative phase, cells feed by phagocytosis of bacteria and yeast cells, and exhibit random explorative motility as well as chemotaxis toward folate, a molecule produced by most prokaryotes. Upon starvation, D. discoideum cells aggregate, secreting 3′-5′-cyclic AMP (cAMP) to attract other cells by chemotaxis. The pseudoplasmodium then undergoes a developmental process coordinated by the secretion of several diffusible molecules such as cAMP, ammonia and DIF (a chlorinated alkylphenone). Individual cell movements within the cell mass are defined by these gradients and by local cell contacts (Weijer, 1999) .
The directed movement of cells during chemotaxis has been the subject of many studies . It consists of several phases. First, the cell detects a gradient of a chemoattractant molecule, either spatial or temporal, by binding to specific receptors. The amplification of the external signal perceived results in the building up of an intracellular gradient of a specific molecule, which defines two edges in the cell (polarization). The localized polymerization of actin at the front edge leads to the protrusion of the membrane surface, which increases the cell surface contact area (pseudopod) (Theriot and Mitchison, 1991) . This is followed by myosin-II mediated contraction of the rear edge of the cell (Jay et al., 1995) . At the molecular level, two molecules have been shown to play the role of a polarized second messenger: phosphatidyl inositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3] and PtdIns-(3,4)-bisphosphate [PtdIns(3,4)P2]. These lipids recruit the actin-nucleating factor WASP/Scar, which drives the formation of an active Arp2/3 complex and initiates the barbed-end growth of actin filaments. Pseudopodium extension is therefore subordinated to the production of these lipids. Myosin-II activation proceeds by a cascade of phosphorylations involving the myosin II heavy chain kinase A (MHCKA) and the p21 activated kinases (PAKs) (Chung and Firtel, 1999) . Although the molecular details of myosin-II recruitment and specific localization at the plasma membrane are unknown, it has been established that a peak of cGMP production follows cell stimulation, which controls myosin II association with the actin cytoskeleton (Newell, 1995) . Both actin polymerization and myosin activation are under the control of small GTP-binding proteins of the Ras or Rac subfamilies, whose GTPase activity set the pace of the cell response (Chung et al., 2000) .
We previously used shear-flow-induced cell detachment to quantify D. discoideum adhesion to substrate (Decave et al., 2002b) . For a given cell, detachment occurs for values of the applied hydrodynamic stress above a threshold. Statistically, cell detachment follows apparent first-order kinetics. The threshold stress depends on cell size, the nature of the substrate and the presence of adhesion proteins at the plasma membrane surface (Cornillon et al., 2000) but, to first approximation, is not affected by depolymerization of the actin or tubulin cytoskeleton. By contrast, the detachment rate constant is strongly affected by the presence of an intact actin cytoskeleton and by the cell-substrate adhesion energy. Part of these results was interpreted within an adhesive belt model describing the passive behavior of the cell edge under external or internal forces (Garrivier et al., 2002) . This model predicts that, below a threshold, the cell edge will not move and that, above it, the membrane will be peeled of the substrate at a constant velocity. However, this model could not unambiguously interpret the effect of actin microfilament depolymerization, which accelerates cell detachment kinetics tenfold. Cells were therefore visualized under shear flow to understand how microfilaments delay cell detachment. Here, we show that shear flow induces an active cell response, resulting in the reconstitution of cell-substrate contact area and cell motility. The speed of this movement is limited by membrane peeling at the rear cell edge (Decave et al., 2002a) . In addition, we demonstrate that the origin of cell movement lies in internal forces. This study gives insights into the complex bidirectional network linking cell mechanics to cell signaling pathways (Asthagiri and Lauffenburger, 2000; Ingber, 1997) .
Materials and Methods
Cell preparation and chemicals Ax-2 cells were grown at 22°C in axenic medium (Watts and Ashworth, 1970) in shaking suspensions (180 rpm). The WF1 plasmid allowing in vivo expression of the PH domain-containing Dictyostelium protein CRAC (cytosolic regulator of adenyl cyclase) coupled to GFP (Parent et al., 1998) was kindly provided by P. Devreotes (Johns Hopkins University, Baltimore, MD) and electroporated into Ax-2 cells essentially as described (Cornillon et al., 2000) . CRAC-GFP-expressing cells were selected with 20 µg ml -1 G418 (Roche Diagnostic, Meylan, France). Vegetative cells were harvested during exponential growth phase at a density of 2×10 6 -4×10 6 cells ml -1 , pelleted by centrifugation (1000 g, 4°C, 4 minutes), washed twice in Sörensen phosphate buffer (2 mM Na2HPO4, 14.5 mM KH2PO4, pH 6.2) and used immediately. N-(3-chlorophenyl)-isopropyl-carbamate (CIPC), nocodazole, cytochalasin A, LY294002 and wortmannin were supplied by Sigma (St Louis, MO, USA), and dissolved in DMSO.
Experimental setup A transparent lateral flow chamber was built that consisted of a Lucite top part, a 0.25 mm thick Teflon gasket delimiting the flow chamber, a microscope glass plate and a Lucite bottom part, assembled with four screws (Fig. 1) . Before use, microscope glass slides (Erie Scientific, Portsmouth, NH, USA) were cleaned with a mild detergent, etched for 5 minutes in a 14.5 M NaOH solution, thoroughly rinsed with distilled water, dried under a dust-free pressurized air flow and stored in a dessicator. The flow chamber was connected to large upper and lower tanks, both filled with Sörensen phosphate buffer. Fluid flowed by gravity, at a rate controlled by the height between its levels in the tanks. The flow rate was deduced from the volume transferred during the experiment.
Cells were resuspended in Sörensen phosphate buffer at a density of 10 6 cells ml -1 , introduced into the flow chamber through a threeway stopcock and allowed to settle for 1 minute. The surface density was ~100 cells mm -2 , corresponding to <1% surface coverage. No hydrodynamic interaction between adjacent cells was detected during the experiments. Cells contained in the inlet tubing were then washed out at low flow rate (1 ml min -1 , corresponding to a shear stress σ=0.12 Pa) for 2-3 minutes. Image acquisition was started and, at a predefined time, a larger steady flow rate (7.5-58 ml min -1 , σ=0.85-6.2 Pa) was applied and maintained until the end of the recording. In experiments involving drugs for cytoskeleton depolymerization or phosphoinositide 3-kinase (PI3K) inhibition, the cell pellet was directly resuspended in Sörensen phosphate buffer containing the drug and the fluid used for the flow experiment also contained the drug at the same concentration.
The action of shear flow on cells adhering to the substrate is determined by the hydrodynamic forces exerted on the cell. Because the Reynold's number is low (<100), inertial effects can be neglected. Considering cells as an elastic solid, the net force and torque exerted by the flow on an adhering cell are proportional to the wall shear stress σ. In this geometry, where D is the flow rate, η the dynamic viscosity of the fluid, e the distance between the top and the glass plate, and l the width of the flow chamber.
The critical shear stress for cell detachment σ1/2 is 2.6 Pa for D. discoideum cells on glass (Decave et al., 2002b) . At the highest stresses tested, an increasing cell fraction detached during the experiment. In order to measure flow-induced cell motility and not cell peeling, cells that detached during the first 3 minutes following the onset of the flow were not included in quantitative cell motility measurements.
Data acquisition
Flow-induced cell motility was studied by recording the individual large-scale motions of about 200 cells. A 2×2.5 mm 2 area was examined on the flow chamber glass plate at low magnification (2.5×) under dark-field illumination in a ICM405 inverted microscope (Zeiss, Germany) with a CCD camera (SP-Eye; Photonic Science, UK) interfaced to a computer. The sampling rate was adjusted to the speed of cell movements. Typically, a sequence of 20 images was recorded, each separated by 30 seconds, using Image-Pro Plus software (Media Cybernetics, MD, USA). Flow was applied 10 seconds after the first image. The individual centroid motion of 32 randomly selected cells was reconstructed, using a slightly modified version of the
le 2 Shear flow-induced motility 'Manual-tracking' Image-Pro Plus macro (freely available at http://www.solutions-zone.com/). Briefly, at a given time, a small area of interest was defined around a given cell, the image was segmented to detect cell contours and the centroid position was calculated. This semiautomatic procedure was repeated for each time frame and the results were reported in an Excel datasheet. The position of the observed area in the flow chamber did not affect the results. In order to determine the pseudopodium emission frequency, cells were observed at a 20× magnification under phase-contrast illumination. In this case, a sequence of 40 images was recorded at a 1 Hz sampling rate and the flow started immediately after the fifth image. The experiment was reproduced several times in order to collect enough data for statistical treatment (typically, 30 cells).
The deformation of cell-substrate contact area during flow-induced motility was recorded on single cells observed at a 40× magnification under reflection contrast interference microscopy (RICM) using a Zeiss ICM405 inverted microscope with a modified epifluorescence illumination pathway using optical components purchased from Melles-Griot (Carlsbad, CA, USA) (Bereiter-Hahn and Vesely, 1995) . Monochromatic light at 546±10 nm was selected using a set of bandpass and interference filters, and linearly polarized by inserting a plate polarizer in the excitation beam. A (50:50) beam splitter was placed in the dichroic mirror lodging. A one-quarter-wavelength plate (137 nm) was put between the 40× long-range microscope objective and the flow chamber glass plate, and an analyser (Polaroid polarizer) was inserted in the emission pathway of the microscope. Sequences of 40-60 images were recorded at a 0.25-0.5 Hz sampling rate, starting 15 seconds after application of the flow. Linear post-recording image processing was applied to improve image quality.
CRAC-GFP-expressing cells were imaged under shear flow or without shear stress at a 60× magnification under epifluorescence illumination in an Olympus IX-70 inverted microscope (Olympus, France) with an intensified CCD camera (ISIS-3; Photonic Science, UK) interfaced to a computer. Fluorescent cells were randomly selected and the intracellular CRAC-GFP profile quantitatively evaluated using Image-Pro Plus software. Cells exhibiting a clear enrichment in CRAC-GFP on the edge of the cell (>50% increase above mean intracellular level) were considered as polarized and the CRAC-GFP distribution was further analysed for its orientation.
Quantitative analysis of cell motility Individual cell tracks consist in series of points (centroid position), originating at the position recorded on the first frame. The instant cell velocity is calculated according to the following formula: where x j (ti) designates the position of the cell in the ith frame at time ti. The velocity vector is expressed in orthoradial coordinates with respect to the flow. Individual cell motion is described by the plot of the velocity modulus vi and its angle θi with respect to flow as a function of time ti. The statistics of cell motion are described by constructing a histogram of the velocity modulus and its angle with respect to flow, using data from 20 or 32 individual tracks. Directionality is defined as cosine θi, averaged over all centroid movements <cosθi>. Cells moving randomly have a directionality of 0, whereas cells moving straight in the direction of the flow have a directionality of 1. Persistence is the average time during which cell centroids follow linear paths, whatever their directions, at a ±22.5°angle. The inverse of the persistence is the turning frequency.
For a given cell, the translational velocity is defined as the average velocity during the 10 minutes of recording is defined as where tend is the time at the end of the recording or when the cell detaches. The translational velocity is also obtained by averaging over 20 or 32 cells. This velocity is expressed in Cartesian coordinates, where x designates the direction of the flow and y the direction perpendicular to this (Fig. 1) . The proportion of responding cells is defined by segmenting the images using the Image-Pro Plus software and counting the number of cells whose final position (at tend) does not overlap with the initial one (at t0).
The pseudopodium emission frequency is determined by the following procedure. For each cell, a pseudopodium was detected when a dark 2-3 µm wide area appeared on the side of the cell and lengthened about 2 µm during the following 3-4 seconds. One pseudopodium emission event was then scored at the time when the protrusion appeared. As a result of this procedure, no pseudopodium was counted in the first frame (time 0). The same analysis was performed on 30 cells. At a given time, the pseudopodium emission frequency is therefore given by the total number of pseudopodia detected divided by the cell number.
For cell-substrate contact area recordings, the motions of the front and the rear edges were defined by the following procedure. First, individual images are segmented and the center of mass of the cellsubstrate contact area determined using the ImagePro Plus software. The overall direction of cell movement is then determined by fitting the motion of the center of mass of the contact area with a straight line. The positions of the front and rear edges are obtained on each image by the extreme extension of the cell along the direction of the movement. The projections of the front and rear edges on the straight line are finally plotted as a function of time.
For CRAC-GFP cells, the degree of orientation of the internal polarization gradient with respect to the flow is evaluated and the cells grouped into four classes as follows. For each cell, the direction of the CRAC-GFP gradient is determined by searching for the line passing through the center of mass that gave the steepest fluorescence intensity profile. In this search, the CRAC-GFP enrichment seen in nascent endosomes is avoided. Some cells presented multiple fluorescence fronts and are therefore scored accordingly. Cells whose intracellular CRAC-GFP gradient is oriented in the direction or opposite to the flow (within ±70°) are scored as 'co-linear' or 'reverse'. The remaining cells, where the direction of the gradient is at right angle (within ±20°) to the flow, are scored as 'perpendicular'.
Results
Passive and active behavior of adherent D. discoideum cells under hydrodynamic flow D. discoideum cells adsorbed on glass were exposed to an uniform hydrodynamic flow and observed continuously for 10 minutes. As shown in Fig. 2A , Movie 1 (see http://jcs.biologists.org/supplemental/) and Table 1 , the vast majority of the cells exhibits a net movement in the direction of the flow. In addition, depending on shear stress value, a certain proportion of the cells detach from the plate and are taken away in the bulk flow, as previously reported (Decave
Journal of Cell Science 116 (21) , 2002b) . By contrast, cell movement occurs randomly in the absence of flow (Table 1) . When the flow is reversed, cells respond almost instantaneously and move in the opposite direction (data not shown). In order to study this SFICM in a quantitative manner, the individual motions of 20 or 32 cells were tracked and the instant velocities of individual cells and their distribution over the population were quantified. Fig. 2C shows a set of representative cell tracks, expressing instant velocities in orthoradial coordinates with respect to the flow. The movement of most cells consists of straight-line portions, most of which are aligned along the flow. The turning frequency is independent of shear stress (Table 1) . These features are qualitatively comparable to the random motion of D. discoideum cells on solid surfaces or to their behavior upon chemotactic stimulation (Killirch et al., 1993; Vicker, 1994) but differ in their speed and polarity.
The speed of cell movement increases with shear stress in a non-linear manner (Fig. 3A , Table 1 ). For large flow rates (σ=6.2 Pa), cell detachment predominates over cell motility, complicating precise cell speed measurements. Cells were classified into two groups, according to the duration of their tracks. Cells that detach rapidly (<60 seconds, 80% of cells) moved faster (<v>=0.42±0.1 µm second -1 , 20 cells) than cells that stay longer on the glass plate (<v>=0.22±0.8 µm second -1 , 20 cells). Fig. 3A shows cells from the second group only. Instant velocities over 0.5 µm second -1 are therefore easily observed (50 times larger than the average speed of unstimulated cells). At zero force, cell movement is obviously random, but cells submitted to shear stresses as low as 0.8 Pa already show clear polarization (Fig. 3B) . At 2.9 Pa, 80% of cell movements are constrained in a 50°cone. The directionality of cell movement, defined as the average value of the cosine of the cell speed angle with respect to flow <cosθ i>, therefore increases with shear stress (Table 1) .
Is cytoskeleton dynamics involved in SFICM? Because D. discoideum possesses both microfilaments and microtubules, we tested the effect of cytochalasin A, a selective actin depolymerization drug (Condeelis et al., 1988) . Addition of 1 µg ml -1 cytochalasin A, a concentration sufficient to eliminate most microfilaments, decreases <vx> (the projection of the translational velocity in the flow direction) from 0.6±0.2 µm second -1 to 0.02 µm second -1 . SFICM therefore involves active actin polymerization. Similarly, SFICM is also abolished by 20 µg ml -1 CIPC, a carbamate herbicide that affects both cytoskeleton networks (Oliver et al., 1978) (Fig. 2B minute). We previously showed that the rate of shear-flowinduced cell detachment is increased tenfold in the presence of CIPC, whereas the efficiency of cell detachment is unaffected (Decave et al., 2002b) . Microscopic observation of CIPCtreated cells confirms these results and also shows that, in the presence of CIPC, cells detach without previous displacement on the substrate; by contrast, in its absence, cell move over tens of micrometers before leaving ( Fig. 2A,B, Movies 1, 2) . This points out a clear difference between active and passive behavior of D. discoideum cells under shear flow. Passive behavior occurs when the actin cytoskeleton is depolymerized, in which case cell detachment corresponds to a transition between immobility and peeling. Active behavior requires the presence of an intact actin cytoskeleton, and cell detachment corresponds then to a transition between SFICM and peeling.
Evolution of cell-surface contact area during flowinduced motility To gain insight into the origin of SFICM, we observed cells at a higher magnification under the RICM technique, to image the cell-substrate contact area. Dark regions correspond to zones in which the membrane of the cell lies within 100 nm of the substrate (Bereiter-Hahn and Vesely, 1995) . Vegetative D. discoideum cells usually present a single large contact area, whereas developing cells have several smaller ones (Weber et al., 1995) . Fig. 4 shows the evolution of the contact area for single cells submitted to a 4 Pa hydrodynamic shear stress, in the absence or in the presence of CIPC (Fig. 4A,B) . Qualitatively, cells move thanks to local increases of their contact area on the edge opposite to the flow and retraction of the edge facing the flow. Cells deprived of active actin cytoskeleton are peeled off the substrate at the same rate but obviously lack the ability to reconstitute the contact area. Notably, for shear stresses below the threshold σ1/2=2.6 Pa determined for cell detachment from glass (Decave et al., 2002b) , no change in the cell contact area can be seen in the presence of CIPC on the experimental time scale (data not shown). To put these observations on a more quantitative basis, we measured the movement of the rear and front edges of the cell contact area. These points are defined as the extreme extensions of the cell contact area in the direction of the movement. This is shown in Fig. 4C,D for control or CIPCtreated cells, respectively (for a shear stress σ=4 Pa). The movement of both ends of the cell is strikingly different. The rear edge of the cell moves steadily, whatever the state of the actin cytoskeleton, defining a constant peeling velocity.
However, the front edge of control cells presents alternate phases of immobility and of rapid forward bursts of movement (marked by arrows; see also the sequence 160-172 seconds in Fig. 4A ). The front edge is immobile in the presence of an actin-depolymerizing drug. Plotting the frequency histograms of the instant velocity of both edges (Fig. 4E,F) provides the characteristics of their movement. At a 4 Pa applied shear stress, the rear peeling velocity is 0.17±0.02 µm second -1 , the frequency of front edge bursts is 0.05±0.01 Hz, the burst growth rate is at least 0.4±0.1 µm second -1 and the length of each burst is 1.9±0.2 µm. In addition, each burst increases cell contact area by ~20 µm 2 .
These results fully confirm the observations made at a lower magnification. Thus, SFICM involves two phenomena: shearstress-induced peeling of the cell rear edge and periodic restoration of intimate cell-substrate contact area at the front edge. The restoration phase is rapid (<4 seconds) and corresponds to a 2 µm extension in the direction of the flow. A remarkable feature of SFICM is that it is in continuity with spontaneous cell movements that are actually detectable at shear stress values fivefold lower than the threshold for cell detachment.
Cells respond to increasing forces by adjusting pseudopodia emission frequency As shown above, the speed of cells performing SFICM increases with shear stress (Fig. 3A) . This speed is that of the cell mass center, averaged over 20 second time intervals. How do the cell edges respond to different shear stress values? The deformation of cell contact area was studied for three values of the applied shear flow (Fig. 5) . The kinematic parameters of the rear and front edges are given in Table 2 . The rear edge velocity increases non-linearly with applied shear stress. As for The table summarizes the analysis of the front and rear cell edge movement induced by the flow as shown in Fig. 5 . The peeling (rear edge) velocity, the front edge velocity, the length of and growth rate of the burst extensions, and their emission frequency were determined at three shear stress values. Data are representative of several experiments. D. discoideum cells were submitted to the indicated shear flow and individual cell tracks were recorded and analyzed to determine the kinematics parameters as described in Materials and Methods and Fig 1. <vx> is the average speed of the cells in the direction of the flow (Eqn 3) and <vi> is the average modulus of instant cell velocities (Eqn 2). the front edge, both the growth rate and length of the bursts are not affected by the applied stress, in contrast to the burst frequency, which clearly increases with applied stress between 1.8 Pa and 3 Pa, and saturates between 3 Pa and 4 Pa, indicating that an upper limit has been reached. Cells respond to increasing peeling velocity by increasing the frequency of the cell-substrate contact restoration mechanism. SFICM therefore proceeds through unitary cell-substrate area extensions of constant growth rate.
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Because the restorative mechanism of cell-substrate contact area evidenced above involves actin polymerization, it is likely that burst phases seen by RICM are the traces of pseudopodia emitted in response to applied shear stress. In D. discoideum, pseudopodia are indeed producing propulsive forces as well as initiating cell contact area. The unitary size and growth rate of these bursts are similar to those of the pseudopodia produced during D. discoideum chemotaxis toward cAMP (Weber et al., 1995) . We therefore looked at the frequency of pseudopodium emission in response to applied shear stress. D. discoideum cells were imaged at 1 Hz at a 20× magnification under phasecontrast illumination to visualize pseudopodia, which appear as dark protrusions on the side of the cells. Hydrodynamic flow was applied 5 seconds after having triggered image acquisition. The recordings were subsequently scanned to detect pseudopodia (see Materials and Methods) and the pseudopodium emission frequency was calculated and plotted as a function of time (Fig.  6A ). In the absence of shear flow, the number of pseudopodia emitted per cell and per second is 0.11±0.01 (from -4 seconds to 0 seconds in Fig. 6A and data not shown). As shear flow is applied (1.8 Pa), the pseudopodium emission frequency increases fivefold within 2 seconds, then decreases to a constant level (0.15±0.02 Hz cell -1 ) slightly above the initial value, with a characteristic time of 3 seconds (from +2 seconds to +7 seconds in Fig. 6A) . Here, again, cell response to flow is highly polarized, with >50% of the pseudopodia emitted in the direction of the flow during the immediate and adapted phases (Fig. 6B, Movie 3) . The pseudopodium emission frequency increases with the applied shear stress during both the immediate and the adapted phases (Table 3 ). This shows that the application of shear stress results in an increased production of pseudopodia at the side of the cell opposite the region of maximal stress. It is likely that pseudopodia and the burst increase in cell-substrate contact area are different facets of the same actin-driven phenomenon, resulting in SFICM. It should be realized that the steady cell velocity previously Proper localization of force-induced pseudopodia depends on PI3K activity From the above results, it follows that SFICM corresponds to a polarized increase in pseudopodia emission in response to applied shear stress. Such cell motility clearly involves actin local polymerization mechanisms. The same cell molecular machinery is at work during chemotaxis. It has been shown that applying a chemoattractant gradient results in building up an internal gradient of phosphorylated phosphatidylinositol species such as PtdIns(3,4,5)P3 (Chung et al., 2001) . Key enzymes in the formation of such 'internal compass' include the PI3K family, which phosphorylates phosphatidylinositides at the third position in the inositol ring (Rickert et al., 2000) . These enzymes are specifically inhibited by wortmannin or LY294002, which block ATP binding at the catalytic site (Vlahos et al., 1994) . The PtdIns(3,4,5)P 3 gradient can be visualized using a CRAC-GFP fusion protein, which translocates at the plasma membrane upon stimulation of Gprotein linked chemotatic systems (Parent et al., 1998) . We therefore examined CRAC-GFP localization in cells submitted to constant shear flow (Fig. 7, Table 4 ).
Cells expressing CRAC-GFP exhibit one or several internal fluorescence fronts, even in the absence of shear flow (Table  4) number of cells showing multiple CRAC-GFP fronts is observed (from 40% to 16%), whereas 58% of the cells present a co-linear CRAC-GFP gradient. Examples of this fluorescent distribution are shown in Fig. 7 . The phase-contrast images in the lower panel were taken 5 seconds after the fluorescence images of the upper panel. Membranes extensions at the PtdIns(3,4,5)P3-rich edge, in the direction of the flow, are visible in Fig. 7A ,B. The polarized pseudopodium emission therefore corresponds to the orientation of the internal PtdIns(3,4,5)P3 gradient generated by the PI3K activity. D. discoideum has three PI3K genes analogous to mammalian p110 PI3K: DdPIK1, DdPIK2 and DdPIK3 (Zhou et al., 1995) . Null mutants lacking both DdPIK1 and DdPIK2 are severely deficient in chemotaxis and macropinosome formation, two processes involving plasma-membrane-driven actin polymerization. These phenotypes can be reproduced by treating wild-type cells with 0.2 µM wortmannin or 20 µM LY294002 (Buczynski et al., 1997; Rupper et al., 2001; Zhou et al., 1995) . We therefore used these drugs to test the implication of PI3K activity in SFICM. Results are presented in Fig. 8 and discussed below for LY294002; wortmannin treatment gave similar results (not shown). Fig. 8A shows a recording of D. discoideum cells performing SFICM in the presence of 30 µM LY294002 (Movie 4); the drug was added 5 minutes before triggering the flow. The movement of LY294002-treated cells is qualitatively similar to that of untreated ones, with long straight-line portions separated by sudden turns (turning frequencies are identical, data not shown). However, compared with untreated cells (Fig. 2A, Movie 1) , the orientation of the movement is random, although cell speed along the trajectories is as high. This is confirmed by the kinematic analysis of cell movements The pseudopodia emission frequency was determined as in Fig. 6 at two shear stress values. The results are averaged over a 4 second time window. The table gives the percentage increase in pseudopodia emission frequency f during the immediate phase (0-4 seconds after flow application) and the adapted phase (8-12 seconds after flow application). The pseudopodia emission frequency of resting cells (f0=0.11 Hz) is used as reference. The percentage increase is equal to 100(f-f0)/f0. The images are centered on the same cell and the indicated time is relative to the application of the flow. Different phases of cell response were selected: resting state (-2 seconds), onset of pseudopodium extension (+2 seconds), full immediate response (+6 seconds) and adapted phase (between +10 seconds and +30 seconds). Notice that most of the pseudopodia emitted after application of the flow protrude in the direction of the flow. Scale bar, 5 µm. Table 4 . Top: GFP fluorescence. Middle: fluorescence intensity profile along the line shown in the top panel. Bottom: phase contrast images of the same cells. These images were taken 5 seconds after the fluorescence ones. The triangles point to membrane extensions that had occurred between the two pictures. In the fluorescence image of the cell reported in (A), an endocytic structure can be seen (arrowhead).
( Fig. 8C,D) . The angle distribution of the instant velocity with respect to the flow is almost completely depolarized in the presence of the drug (directionality <cosθi>=0.19). By contrast, the modulus distribution of the instant velocity is unaffected. We thus concluded that inhibition of PI3K activity almost abolishes cell motion directionality without affecting its speed. Finally, a dose-response curve was constructed, using the orthogonal projections of the translational velocity to monitor the directness of the movement (Fig. 8B) . Net movement in the direction of the flow (x axis: <vx>) is abolished for LY294002 concentrations above 20 µM.
From these results, two important conclusions can be drawn. First, Fig. 8A and Movie 4 show clearly that many cells can move against the flow over long distances, at a speed equal to that of cells moving along the flow. Thus, the reported cell motion is not forced but only induced by external shear flow, intracellular processes such as actin polymerization or molecular motors being the real propulsive forces. Second, the speed and direction of SFICM are independently controlled, because LY294002-treated cells do not exhibit increased motility over untreated cells in the absence of the flow (data not shown). The formation of a phosphorylated phosphatidylinositol gradient by PI3K activity is therefore not a prerequisite for actin assembly at the leading edge of D. discoideum cells.
Discussion
This work provides evidence that a specific signaling pathway is present in D. discoideum that redirects the actin cytoskeleton polymerization machinery in response to external forces, resulting in cell motility. The main difference between SFICM and the usual chemotactic behavior of D. discoideum consists in the relative localization of the external signal and pseudopodium emission. In cAMP or folate chemotaxis, receptor stimulation induces local actin polymerization while Journal of Cell Science 116 (21) CRAC-GFP-expressing cells were observed as shown in Fig. 8 , either in the absence of flow (no stress) or in the presence of constant shear stress (σ=2 Pa). Individual cells presenting one or multiple clear CRAC-GFP fronts were imaged. The orientation of the CRAC-GFP fronts is compared with the direction of the x-axis, which corresponded to the direction of the flow when shear stress was applied. in SFICM, actin polymerization occurs on the side opposite to the zone of maximum stress. This is more comparable to repulsive chemotaxis, as seen (for instance) in the response of axon growth cones to diffusible chemorepellents such as netrins (Hamasaki et al., 2001; Tessier-Lavigne and Goodman, 1996) .
Mechanosensitivity of D. discoideum cells
As for the molecular origin of the signal, three possibilities can be envisioned: (1) activation of stress-sensitive membrane channels, allowing external ions to flow in or out of the cell; (2) mechanical deformation of the actin cortex, resulting in protein recruitment at the most stressed side of the cell; or (3) the presence of a self-organizing adhesion mechanism, perturbed by mechanical peeling of the cell-substrate contact area. Stress-activated ion channels have been found in many cells, from bacteria to humans (Hamill and Martinac, 2001 ), which argues strongly for their presence in D. discoideum as well, although none has yet been reported. The second possibility recently received strong support from experiments conducted on fibroblast cytoskeleton ghosts (Sawada and Sheetz, 2002) in which application of mechanical stress results in an increased binding of paxillin, focal adhesion kinase and p130 Cas to focal contact structures. In D. discoideum, the cell edge is actually bent by shear stresses of the same order of magnitude than those inducing cell movement (Simson et al., 1998) . The last possibility might be related to the biochemical mechanism controlling PtdIns(3,4,5)P3 gradient formation itself. In mammalian cells, the activation of type I PI3Ks involves the formation of a positive feedback loop with the small Rac GTPases (Rickert et al., 2000; Weiner, 2002) . Several small GTPases (Rho, Rac and Cdc42) control the organization of the actin cytoskeleton. Rac proteins are therefore at the crossroads between cell mechanics and cell chemistry, through actin polymerization dynamics and phosphoinositide phosphorylation, respectively. This positive feedback loop might explain mechanosensitivity, because many self-organizing processes are sensitive to external gradients to which they are coupled.
Because the orientation of the PtdIns(3,4,5)P3 gradient is influenced by shear stress, the question of how the direction of the movement is controlled reduces to how external forces are coupled to the formation of this gradient. However, there must be another signal that increases cell speed modulus in response to shear stress and stabilizes the direction of cell movement. (Fig. 3) . Open squares: peeling velocity (Fig. 5) . For σ=6.2 Pa, the peeling velocity is approximated by the translational velocity of rapidly detaching cells and the front velocity by the instant speed of slowly detaching cells. The threshold stress for cell detachment σ1/2 corresponds to the speed at which the average front edge velocity vf cannot adapt to the average rear edge velocity vr; vp designates the burst growth rate and vl the limit in front edge velocity leading to the detachment of 50% of the cells. The dotted line corresponds to the following equation:
with v0=(1.1±0.1)×10 -2 µm second -1 and σ0=(8±0.5)×10 -2 Pa. The rationale for using this relation to describe cell rear velocity as a function of applied or internal forces is given elsewhere (Décavé et al., 2002b) . The solid line relating the front speed to the applied shear stress is hand-drawn. direction are independently controlled is shown in Fig. 9A . The applied force would induce both the production of a diffusive second messenger and a local inhibition of pseudopodia extension. This could involve the PtdIns(3,4,5)P3-specific phosphatase PTEN (Cantley and Neel, 1999) . Upon cAMP chemotaxis, this protein indeed relocalizes to the plasma membrane in an opposite manner to PH-domain bearing proteins binding to PtdIns(3,4,5)P3 (Funamoto et al., 2002; . Independent control of cell direction and speed has also been reported in other systems. Neutrophils lacking the PI3K-γ isoform exhibit alteration in motility closely similar to LY294002-treated Dictyostelium cells (Hannigan et al., 2002) .
The behavior of cells exposed to shear flow in the presence of a PI3K inhibitor proves that the motive force is provided by the cell itself, and not by the flow. Many cells indeed move up the flow and the instant speed of these cells is comparable to that of cells moving along the flow. Pseudopodia of axenic D. discoideum cells have been shown to resist centrifugal forces of up to 2000 pN (Fukui et al., 2000) . For comparison, the order of magnitude of forces exerted on the cells by a 1 Pa hydrodynamic shear stress is 100 pN. It is therefore not surprising that cells are able to move against such a force.
Mechanism of shear-flow-induced cell detachment RICM visualization of cell-substrate contact areas shows that shear-flow-induced D. discoideum cell detachment occurs through a membrane peeling process, a hypothesis assumed but not formally proved before (Decave et al., 2002b) . Furthermore, one aspect of the role of the cytoskeleton in cell adhesion is clarified. Actin cytoskeleton depolymerization indeed increases the cell detachment rate tenfold without affecting the threshold shear stress (the stress that detaches 50% of the cells). The apparent resistance of active cells to shear-stress-induced detachment is thus simply related to their ability to reattach themselves upon partial peeling of their contact area. More precisely, we observed that, for CIPCtreated cells, detachment corresponds to a transition between immobility of the cell-substrate contact area and irreversible peeling. The limit force and the relationship between the peeling velocity and the force are described by a passive model of the cell edge under tension that has been described elsewhere (Decave et al., 2002a; Garrivier et al., 2002) . The speed of the front edge velocity during the fast cell-substrate area bursts (vp=0.40 µm second -1 ) obviously sets a limit to cell attachment under flow. In fact, the average velocity of the front edge saturates at a lower value (vl=0.12 µm second -1 ), corresponding to the cell velocity at the threshold shear stress for detachment (σ1/2=2.6 Pa).
As far as detachment is concerned, the behavior of active cells under shear flow is therefore adequately modeled by a simple extension of the peeling model (Fig. 9B) . Below the threshold, the front velocity vf adjusts to the peeling velocity vr and, above the threshold, the peeling velocity has to overcome a limited front velocity. This slightly modifies the expression of the detachment rate, a posteriori justifying the use of this peeling model to describe living cell detachment (Garrivier et al., 2002) . Detachment of living motile cells is nevertheless intrinsically different from that of passive objects, in the sense that it is not due to the rupture of a static equilibrium but to the unbalance between two dynamic phenomena. Full understanding of cell movement, especially the alternate phases of immobility and burst at the front edge, additionally requires understanding the signaling pathways and measuring forces developed by the cell.
Physiological meaning of SFICM
The rapid increase in cell adhesion seen during burst phases is similar to the rapid spreading of suspended cells on solid substrates and to the membrane extensions enclosing the prey during phagocytic capture. Our experimental setup allows these physiological phenomena to be reproduced artificially in a controllable manner. In addition to its experimental interest, SFICM further indicates the existence of force sensitivity in D. discoideum cells. This mechanotaxis might play a role during developmental morphogenesis. Cells indeed move within the organism and are exposed to forces exerted by other cells Shelden and Knecht, 1995) . Because pseudopodia resist forces of up to 2000 pN, the forces experienced by cells in pluricellular aggregates are high enough to trigger cell responses. This rises the possibility that, in addition to the well-documented chemotactic responses, certain aspects of cell movement might be due to collective force-response behavior. In humans, professional phagocytes such as macrophages and neutrophils present a morphology and chemotactic behavior comparable to those of D. discoideum (Devreotes and Zigmond, 1988) . These cells might also exhibit flow-induced cell motility when they are attached at the vessel walls and submitted to blood flow.
